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proach has revealed the involvement of lncRNAs in a variety of biological processes, including the epigenetic control
of gene expression, post-transcriptional regulation of mRNA, and cellular proliferation and differentiation. Recently,
increasing numbers of studies have investigated the functions of lncRNAs using gene-targeted model mice, largely
conﬁrming the physiological importance of lncRNA-mediated regulation in individual animals. In some cases, how-
ever, the results obtained by studies using knockout mice have been somewhat inconsistent with those of the pre-
ceding cell-based analyses. In this review, Iwill summarize the lessons thatwe are learning from the reverse-genetic
studies of lncRNAs, namely the importance of noncoding DNA elements, the weak correlation between expression
level and phenotypic prominence, the existence of tissue- and condition-speciﬁc phenotypes and incomplete pen-
etrance, and the function of lncRNAs as precursor molecules. This article is part of a Special Issue entitled: Clues to
long noncoding RNA taxonomy1, edited by Dr. Tetsuro Hirose and Dr. Shinichi Nakagawa.
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The classical view that only the protein coding regions of the genome
are transcribed intoRNA is rapidly changing, and it iswidely accepted that
non-protein-coding intergenic regions are pervasively transcribed into
distinct transcripts, which constitute a large fraction of transcriptional
output at least in terms of species, if not quantity [1,2]. Some populations
of thesenoncoding transcripts are processed into “small”noncodingRNAs
(miRNAs, piRNAs, etc.) that negatively regulate the expression of target
genes through a mechanism collectively called RNA silencing [82]. The
other noncoding transcripts with a size greater than 200 nt are jointly
called “long”noncoding RNAs (lncRNAs),which are a collection ofmiscel-
laneous transcripts without any common characteristics except the lack
of a capacity to encode proteins. Considerable attention has been paid to
these lncRNAs, partially because of the assumption that expansion of
the noncoding regions of the genome is responsible for the increase in
complexity during the evolution of multicellular organisms [3]. More im-
portantly, several classic studies using mutant organisms had established
the physiological importance of lncRNAs even before the emergence of
the concept of pervasive transcription and the name lncRNA itself. The
current list of lncRNAswith known functions includes transcriptional reg-
ulators that associate with chromatin-modifying complexes (Xist,
HOTAIR, lncRNAa, lincRNA, andmany others) [4], a co-activator that com-
plexeswith transcription factors (Sra1) [5], components of nuclear bodies
that regulate splicing or transcription (MALAT1, TUG-1) [6,7], anngnoncoding RNA taxonomy1,
. This is an open access article underarchitectural component of nuclear bodies (Neat1) [8], translational regu-
lators [9], and cytoplasmic regulators of mRNA stability (1/2sbs) [10], cir-
cular RNAs that serve as miRNA sponges [11,12]. However, it should be
noted that only a handful of lncRNAs have been functionally tested at
the individual organism level, and some of the results obtained from the
“in vivo” studies have failed to conﬁrm, or are even inconsistent with,
the results obtained from studies in cultured cells.
In this review, I will summarize the lessons we are learning from the
phenotypic analyses of knockout mice. For additional lists of currently
available knockout mice, several recent comprehensive review articles
are available [13,14].
2. Brief overview of the history of reverse-genetic studies of lncRNAs
The function of lncRNAs has historically been studiedusing an authen-
tic gene targeting strategy or genetic approaches in the 1990s and early
2000s, before the convenient gene knockdown technologies became
widely available. For example, Xist and Tsix, which regulate X-
chromosome inactivation in female mammals [15–17], roX1 and roX2,
which are involved in sex chromosome dosage compensation in
Drosophila [18], and lncRNAs transcribed from imprinted genomic loci
such as Gtl2, Airn and Kcnq1ot1 [19–21], were originally characterized
using these techniques. These preceding studies and subsequent analyses
of molecular mechanisms established the concept of chromatin-
associating lncRNAs that regulate epigenetic gene expression, serving as
the “Rosetta stone” for recent analyses of lncRNAs.
After these pioneering studies, the age of convenient gene knock-
down and high-throughput genome-wide gene expression analyses
arrived. The advancement of these technologies accelerated thethe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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pression patterns in particular tissues or cells, followed by functional
validation using cultured cells. HOTAIR and Linc-p21 are representative
examples of lncRNAs that were identiﬁed through these approaches,
and their physiological functions were subsequently conﬁrmed using
knockout mice [22–24]. “In vivo” (e.g., in individual animals) functional
studies of previously characterized lncRNAs, including Evf-2 [25],
Malat1 [26–28], Neat1 [29], and Sra1 [30], have also been performed
in recent years. In some cases, the function of an lncRNA was initially
tested in knockout mice, even without a preceding cell-based assay, as
was the case with Fendrr [31] and Visc-2 [32]. A rather systematic gen-
eration of knockoutmice lacking speciﬁc lncRNAs has recently been per-
formed, identifying 3 knockout mice that show embryonic lethal
phenotypes (Fendrr, Peril, and Mdgt), 2 mutant mice that show growth
abnormalities (linc-Brn1b and linc-Pint), and 15 others that did not
show apparent phenotypes [23]. It is important to note that the loss of
a few speciﬁc lncRNAs leads to an embryonic lethal phenotype, suggest-
ing that there exist certain essential biological processes that require the
function of lncRNAs. At the same time, it appears to be fair to say that
lncRNAs are not generally essential for basic cellular functions such as
cellular proliferation but are rather involved in modulatory functions,
considering the frequency of knockout mice that do not show lethal
phenotypes.
Hereafter, I will summarize a variety of the lessons we are learning
from reverse-genetic mouse studies.
3. Lessons from knockout mouse studies (1) — importance of “non-
coding DNA”
While reverse-genetic approaches provide us fundamental informa-
tion on the physiological function of particular genes, a critical draw-
back exists. When using a deletion-based knockout strategy, one
cannot clearly discriminatewhether the phenotypes observed in certain
mutants are derived from the loss of lncRNA transcripts or from the loss
of noncoding DNA elements, such as enhancers and insulators (Fig. 1A).
This issue has long been recognized from a series of extensive studies
performed on the imprinted locus H19. H19 is one of the ﬁrst reported
lncRNAs. Originally identiﬁed as a fetal-speciﬁc liver mRNA [33], it
was subsequently shown to be expressed exclusively from thematernal
allele [34]. The imprinted locus contains another gene, Igf2, locatedFig. 1. Three potential modes of actions of lncRNAs involved in transcriptional regulation.
(A)NoncodingDNAbut not transcribed lncRNAs function as Cis regulatory elements. A ge-
nomic region that is transcribed into lncRNA contains cis-regulatory elements, which are
bound by transcription factors (TF) that regulate the expression of neighboring genes.
(B) Transcription but not the transcribed product regulates downstream gene expression.
Transcription through a promoter region located within the lncRNA transcriptional unit
interfereswith the promoter's activity. Note that the transcribed lncRNA is not functional-
ly required in the case of A and B. (C) Functional lncRNA that form a complex with epige-
netic regulators can regulate expression of the target gene through chromatin
modiﬁcations.80 kb 5′ to H19, which is expressed from the paternal allele. The ﬁrst
knockout mouse was generated in 1995, and it contained a large deletion
of a 13-kb DNA fragment including the 3-kb H19 gene plus 10 kb of up-
stream genomic sequence [35]. The mono-allelic expression of Igf2 was
dramatically eliminated when the mice maternally inherited the
disrupted H19 locus, the allele that normally expresses H19, strongly sug-
gesting that H19 was responsible for the establishment of the genomic
imprinting. However, subsequent extensive efforts from the same labora-
tory and others using a series of smaller deletion mutants clearly show
that the H19 transcript and its genomic sequence are dispensable for
the mono-allelic expression of Igf2; instead, the differentially methylated
genomic region located upstream of H19 is responsible for the reciprocal
imprinted expression ofH19 and Ifg2 [36–38]. Thus, the importance of the
genomic DNA element, rather than the lncRNA itself, is ironically empha-
sized to a great extent by the initial reverse-genetic studies of lncRNAs.
The other limitation is the difﬁculty of discriminating the function of
a transcribed lncRNA from the function of transcription itself through
the region where the lncRNA is generated (Fig. 1B). The best example
of this can be found in the regulation of gene expression via Airn. Airn
was identiﬁed as an extremely long (118 kb) transcript that is antisense
to Igf2r and overlaps with its promoter sequence [39]. These two genes
are located in a well-characterized imprinted genomic region, and Airn
and Igf2r are expressed from the paternal and maternal allele, respec-
tively. Premature termination of Airn transcription at 3 kb downstream
of the transcriptional start site was found to impair Igf2r silencing from
the same paternal chromosome [20], suggesting that Airn lncRNA in-
hibits the expression of Igf2r in cis. However, subsequent analyses
using a series of truncation alleles and an ectopic promoter showed
that transcription through the promoter of Igf2r, rather than the Airn
transcript, is essential for the silencing of Igf2r [40].
Taken together, manipulation of the genome inevitably modiﬁes
functional DNA elements to some extent, which potentially affects
gene expression irrespective of any function the transcribed lncRNA
may have. For a more detailed discussion on the importance of noncod-
ing DNA, see another comprehensive review article [14].
4. Lessons from knockout mice (2) —weak correlation between
expression level and functional prominence
The H19 knockout mouse studies provide another lesson about the
correlation between phenotype and the number of transcripts pro-
duced. H19 is one of the most abundantly expressed cytoplasmic
lncRNAs in embryonic liver; however, no clear physiological function
is attributed to this noncoding transcript [36–38] except for that of an
evolutionary conserved miRNA, miR675, that is embedded in the tran-
script [41,42]. This is also true for an lncRNA called Rosa26, which is
strongly and ubiquitously expressed in embryonic tissues as well as
adult organs [43]. Disruption of the Rosa26 locus does not lead to any
abnormality [44], and actually, this locus is used for ubiquitous and efﬁ-
cient expression of exogenous genes by introducing expression cas-
settes into this highly expressed locus. An important message from
these two classic observations is that the abundance of an lncRNA tran-
script does not necessarily guarantee its functional importance. Howev-
er, abundant genes are more likely to be detected by differential
screening or subtraction screening due to higher representation in the
library, and thus they tend to be selected as target genes for intensive
studies. In addition, onewould expect that lncRNAsmust bemore abun-
dant than mRNAs considering that they lack the ampliﬁcation step of
translation, which produces hundreds of functional molecules from a
single template molecule. These are some of the many reasons why
abundant nuclear lncRNAs such as Malat1/Neat2 [45,46], Neat1/VINC/
TncRNA/TSU [45, 47–49], and MIAT/Rncr2/Gomafu [50–52] were iden-
tiﬁed in various types of independent studies during the relatively
early days of lncRNA research, and their functions have been tested
using antisense oligonucleotides or siRNA-mediated knockdown. How-
ever, knockout mice of all of these three nuclear noncoding RNAs are
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transcripts does not necessarily mean they are essential for life, as is the
case for the abundant cytoplasmic lncRNAs Rosa26 and H19.
Among these abundant nuclear lncRNAs, Malat1 is extraordinary in
terms of its expression level. Although Malat1 was originally identiﬁed
as an lncRNA that is upregulated in metastatic lung cancer cells [46],
the expression of Malat1 is not restricted to cancer cells but occurs
widely in various cell types. In general, the number of RNAseq reads
mapped to Malat1 is comparable to or even exceeds highly expressed
housekeeping genes such as Gapdh and Actb (Fig. 2A), and Malat1 is
often ranked at the top of the list of the most highly expressed genes
transcribed by RNA polymerase II [28]. Nevertheless, three independent
studies have shown that Malat1 knockout mice are viable and fertile,
showingno obvious phenotypes [26–28]. The only reported effect in an-
imals lacking Malat1 is small changes in the expression of neighboringFig. 2. Comparison of threeMalat1 knockoutmice. (A) RNAseq data from cultured hippocampal
housekeeping genes Actb andGapdh. (B) Three different gene targeting strategies to knockoutM
(C) Cell line-speciﬁc distribution ofMalat1. InHeLa (1) cells, the distribution ofMalat1well coin
throughout the nucleoplasm.genes, including Neat1, which is located 40 kb upstream of Malat1
[26–28]. Considering that Malat1 and Neat1 are co-regulated in certain
tissues such as the intestine [27], these two genes may share common
regulatory DNA elements, which might be affected by alteration of the
local genomic environment in the gene-targeted mice, as discussed
above. Paradoxically, the expression of Neat1 is differentially affected
in mutant mice generated using distinctive gene targeting strategies
(Fig. 2B) [26–28]. In deletion mutants that lack the entire Malat1 se-
quence or the promoter sequence together with a 5′ portion of the
lncRNA, Neat1 expression is upregulated [26,28]. However, Neat1 is
downregulated in another mutant with a tandem insertion of
polyadenylation signals [27]. The region, which is deleted in the former
knockout mice, might thus contain a DNA element that negatively reg-
ulates Neat1, and the deletionmight secondarily affect the expression of
neighboring genes through alteration of the function of “noncodingneurons. Note that the number of readsmapped toMalat1 ismuch greater than that of the
alat1. Neat1, locatedupstreamofMalat1, is differentially affected in each knockoutmouse.
cideswith thenuclear specklemarker SC35. InHeLa (2) cells,Malat1 is diffusely distributed
Fig. 3. Tissue-speciﬁc phenotypes found in Neat1 KO mice. (A) Expression pattern of
Neat1_2 in variousmouse tissues. Neat1_2 is an architectural component of nuclear struc-
ture paraspeckles and is expressed in a small subpopulation of cells. Strong and uniform
expression is found in the corpus luteum, a steroid-producing tissue in the female repro-
ductive system. (B) Histological sections of corpus luteum from wild-type (WT) and
knockout (KO) mice. Note the rich cytoplasm of luteal cells in the WT ovary, which is
shrunken in the KO mice.
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degrade noncoding RNA should be useful to conﬁrm this hypothesis.
However, the results obtained with this method are variable between
laboratories; we observed downregulation of NEAT1 upon knockdown
of MALAT1 in two human cell lines (A549 and HCT116) [27], whereas
others reported that depletion of MALAT1 in another cell line (MCF7)
did not change the expression of NEAT1 [28]. In addition, ZFN-
mediated insertion of polyadenylation signals immediately after the
transcription start site of MALAT1 in the same cell line (A549) did not
affect the expression of NEAT1 [26]. How can we logically reconcile
these contradictory results? It should be stressed that the different re-
sults were obtained in different laboratories using different cell lines
or different knockdown/knockout technologies. It is empirically well
known that cell lines show clonal variability, and the characteristics of
cultured cells can change during periods of prolonged culturing. Indeed,
in my laboratory, we have two lines of HeLa cells that originated from
different sources, and they show completely different distribution pat-
terns of MALAT1; in one HeLa cell line, MALAT1 coincides with the dis-
tribution of SC35 in nuclear speckles as previously reported, whereas it
is diffusely distributed throughout the nucleoplasm in another HeLa cell
line even though SC35 shows the typical speckled pattern (Fig. 2C).
These observations raise the possibility that MALAT1 is differentially
regulated even in the “same” cell line, and it might play distinct roles
in particular cells under certain conditions not yet identiﬁed. In this con-
text, it is important to note that depletion of MALAT1 using an artiﬁcial
zincﬁnger nuclease can prevent the formation of tumor nodules in a xe-
nograft model [54]. Considering that MALAT1 is greatly upregulated in
metastatic tumor cells, the function of this lncRNA is required only in
cancer cells and not in normal cells in living animals. Further analyses
using animal models of cancer in the Malat1-null background would
be useful to test this hypothesis.
5. Lessons from knockout mice (3) — tissue- and condition-speciﬁc
phenotypes in apparently normal and viable mice
Whenmicewith certain genes knocked out do not showany obvious
phenotypes, the gold standard is to examine the tissuewhere the genes
are most highly expressed. This simple strategy has been successful in
studies of Neat1 [55], an architectural component of nuclear structures
called paraspeckles, as well as Sra1 [30], a co-activator of steroid hor-
mone receptors.
Paraspeckles were originally identiﬁed as nuclear bodies that con-
tain a particular set of RNA binding proteins [56], andmore than 40 pro-
teins have so far been identiﬁed as paraspeckle components, all of
which share common characteristics related to their association with
RNAmolecules [57]. Neat1 is necessary for the assembly of paraspeckle
proteins, and paraspeckle formation is severely impaired upon knock-
down of Neat1 in cultured cells [58–61]. Paraspeckles have been
proposed to regulatemultiple cellular processes, includingmRNA local-
ization [62], ES cell differentiation [58], immune responses [63], and
gene expression [64]. However, their physiological function is not
clear becausemice that lack the expression of Neat1 do not show appar-
ent abnormalities [29]. Functional redundancy, which frequently ac-
counts for the lack of phenotypes in knockout mice lacking protein
coding genes, cannot explain the absence of a phenotype because
paraspeckle formation itself is severely impaired in the Neat1 KO
mouse. What then is the physiological function of paraspeckles and
Neat1?
The ﬁrst hint comes from the expression pattern of Neat1 in mice.
The neat1 gene locus produces a short (3 kb) and a long (20 kb) isoform,
termed Neat1_1 and Neat1_2, respectively, and the long isoform is re-
quired for the formation of paraspeckles, whereas the short isoform is
dispensable for nuclear body formation [29,57,60]. Whereas Neat1_1
is expressed in a fairly wide range of cell types in mice, Neat1_2 expres-
sion is restricted to a small subpopulation of particular cell types, includ-
ing surface mucous cells in the digestive system and Leydig cells in thetestis (Fig. 3A) [29]. Notably, cells in the corpus luteum in the ovary uni-
formly and abundantly express Neat1_2, and the formation of
paraspeckles is much more prominent in luteal cells than in any other
cell type [55]. Consistently, the fertility of Neat1 knockout female mice
was found to be severely decreased, and nearly half of the mice fail to
become pregnant [55]. In the affected animals, the formation of a func-
tional corpus luteum during pregnancy, a tissue responsible for the pro-
duction of the pregnancy hormone progesterone, is severely affected
(Fig. 3B), leading to the failure of pregnancy due to low serum proges-
terone. These results suggest that Neat1 and paraspeckles are required
for proper differentiation of the corpus luteum in pregnant mice
under certain conditions that affect nearly half of the individuals [55].
Tissue- and environment-speciﬁc physiological consequences of
lack of a speciﬁc lncRNA have also been recently reported for Sra1
knockout mice [30]. Sra1 is one of the founding members of the family
of functional lncRNAs, and it was originally identiﬁed as an lncRNA
that associates with a steroid hormone receptor [5]. Sra1 promotes the
transcriptional activities of multiple transcription factors, including es-
trogen receptors andMyoD, and it is also translated into protein to pro-
duce SRAP [65]. Recently, phenotypic analyses of gene-targeted Sra1
mice have been reported [30]. Sra1 is much more highly (N5 times)
expressed in fat tissues compared with other tissues, and increased
body weight induced by high fat diet is suppressed in Sra1 knockout
mice [30]. Deletion of Pparγ, a transcription factor that regulates adi-
pose differentiation, has also been shown to protect animals from
high-fat-induced obesity and insulin resistance [66], which is consistent
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[67]. Sra1 is not required for the development of fat tissue itself, and its
function becomes evident only under the particular condition of an ex-
cess amount of food intake [30]. Itwould be interesting if the tissue- and
condition-speciﬁc requirement for lncRNA is also a feature of other
lncRNAs for which function is validated in cell culture systems but not
in animals, including Malat1, Miat/Gomafu, and Tug1 [23,26–28,53].
6. Lessons from knockout mice (4)— search, and you will ﬁnd
As mentioned above, many of the lncRNA knockout mice show no
visible phenotypes. Does thatmean these lncRNAs are simply transcrip-
tional noise? If lncRNAs playmodulatory rather than regulatory roles, it
would not be surprising if the phenotypic changes are too subtle to be
found by regular analyses. Particularly, it should be difﬁcult to detect
gene expression changes in the mutant animals when lncRNAs are
expressed only in a small subpopulation of cells because the difference
could be masked by a mass of cells that do not express the lncRNAs
and thus are not affected in the knockout mice. This could account for
two apparently contradictory reports describing the gene expression
changes in mice that lack Hotair [22,68]. HOTAIR was ﬁrst described as
a human noncoding transcript expressed from the HOXC cluster, and
it was proposed to attenuate the expression of genes in the HOXD clus-
ter via association with chromatin modiﬁcation factors, such as
polycomb repressive complex 2 (PRC2) [69]. The mouse homologue of
humanHOTAIR is transcribed from the syntenic region in theHoxC clus-
ter, which shows moderate sequence homology to the human counter-
part (Fig. 4A). Currently, two lines of gene-targeted mice that lack the
expression of Hotair have been generated (Fig. 4B). The ﬁrst mouse
line was generated in a study investigating the function of each of the
four Hox clusters, and the entire HoxC cluster includingHotair is deleted
[70]. Notably, neither the expression of HoxD genes nor histonemodiﬁ-
cations at that locus are signiﬁcantly affected in this mouse, raising a
possibility that HOTAIR and Hotair play distinct roles in humans and
mice, respectively [68]. However, the de-repression of HoxD clusters isFig. 4.Comparison of Hotair Knockoutmice. (A) Schematic drawingof thedomain structures of h
cartoon showing the regions used for the RNAseq and CHIP analyses in each study. Note that tclearly observed in the second Hotair KO mouse [22]. It should be
stressed that these two studies used similar but different tissues for
their gene expression analyses and subsequent chromatin immunopre-
cipitation (CHIP) experiments. In the ﬁrst study, the authors used the
“hindbody” at embryonic day 13.5, including the tail, hindlimb and gen-
italia, corresponding to the regions that are enriched in Hotair tran-
scripts (Fig. 4C). In the second study, the authors used primary
cultured ﬁbroblasts derived from the tail tip (Fig. 4C). Importantly, di-
rect comparison of the mapping patterns of short reads obtained by
massively parallel sequence analyses in the two studies indeed shows
a similar trend of gene expression changes, although the difference is
not statistically signiﬁcant in the former study [22,68]. It might thus
be essential to focus on a particular tissue or cells under a certain condi-
tion to read out themodulatory function of an lncRNA that can be easily
masked by experimental variation during the sampling processes. In
this sense, recently developed technology that enables analyses of
gene expression at the single-cell level [71,72] will become a powerful
tool to reveal the hidden function of lncRNAs that cannot be detected
by conventional methods.
7. Lessons from knockout mice (5) — incomplete penetrance
A curious phenotypic feature shared among some of the recent
lncRNA-knockout mice is incomplete penetrance of phenotypes in ho-
mozygous mutant animals. As discussed above, nearly half of Neat1 fe-
male knockout mice are fertile and indistinguishable from wild-type
even though they lack paraspeckles, whereas affected KO mice are
completely infertile due to the failure of the formation of a functional
corpus luteum [55]. Incomplete penetrance was also reported in a re-
cent systematic gene targeting study of lncRNAs, with 50% and 65% of
homozygous animals showing perinatal and early death before the
weaning age in the case of Peril and Mdgt knockout mice, respectively
[23]. Suchphenotypic variability ofmutantmice is commonly attributed
to differences in genetic background. However, in the case of Neat1, the
same female mouse that once delivered normal pups fails to becomeumanandmouseHotair. (B) Two gene-targeting strategies to delete theHotair gene. (C) A
he two studies used different cells from different stages.
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vidual with exactly the same genetic background shows a bimodal phe-
notype [55]. This also appears to be the case for Peril, and inter-crossing
of surviving homozygousmutant animals,which are supposed to have a
“viable” genetic background, results in reduced viability in approxi-
mately half of the delivered pups [23]. These observations raise an in-
triguing possibility that the functions of certain lncRNAs are not
normally required but become essential under critical conditions, anal-
ogous to a climbing rope during rock climbing. It will be important for
future studies to identify the precise environment or molecular context
wherein lncRNAs execute their essential biological functions.
8. Lessons from knockout mice (6)— function as a precursor
Although H19 appears to be nonfunctional as an lncRNA, the physi-
ological functions of miR675, which is encoded in the ﬁrst exon of H19,
have been well characterized in two mutant studies. miR675 is highly
expressed in theplacenta during the late stage of gestationwhen the tis-
sue ceases growth, and depletion ofmiR675 leads to an increase of body
size of newborn mice due to increased placental growth [42]. Interest-
ingly, processing of miR675 from H19 is tightly regulated in a tissue-
speciﬁc manner through the action of stress-responding RNA binding
protein HuR, suggesting the presence of another layer of regulation at
the level of miRNA processing [42]. miR675 also regulates skeletal mus-
cle regeneration, and loss ofmiR-675 in H19 knockoutmice leads to im-
paired regeneration induced upon the injection of cardiotoxin [41].
Importantly, the impaired regeneration is rescued by the introduction
of miR675, strongly suggesting that H19 functions as a primary miRNA
(pri-mRNA) to fulﬁll its function.
The function of an lncRNA as a pri-miRNA has also been reported for
Rncr3 (retinal non-coding RNA 3) [73], an lncRNA originally identiﬁed
through high-throughput identiﬁcation of retinal genes [50]. Rncr3 is
widely and abundantly expressed in the central nervous system [73],
and its full-length 4.1-kb transcript is localized to the nucleus, whereas
processed miR124a encoded within the 4th exon of Rncr3 is primarily
detected in the cytoplasm of neural cells. Rncr3 knockout mice show
multiple defects in the nervous system, including small brain size, loss
of cone photoreceptor cells during late gestation stages, and aberrant
mossyﬁber projection [73]. These phenotypes are rescued by transgenic
expression of miR-124a, indicating that the processed miRNA, but not
the nuclear-localized full-length transcript of Rncr3, regulates the phys-
iological processes.
The study of H19 and Rncr3 raises an important issue that a signiﬁ-
cant portion of lncRNAs may function as miRNA precursors. Indeed, ap-
proximately half ofmiRNAs are presumably encoded in introns or exons
of lncRNAs in mammals [74,75]. It should also be noted that lncRNAs
potentially encode short peptides, as has been shown for Pgc [76] and
Pri [77] in Drosophila, both of which were originally described as non-
coding RNAs. Comprehensive datasets obtained from deep sequencing
of small RNAs [78] and ribosomal proﬁling [79] should reveal the extent
to which lncRNAs serve as precursors for functional molecules.
9. Concluding remarks
Taken together, the reverse genetic approach using mice comple-
ments the molecular genetic approaches using RNAi and other knock-
down technologies, providing us with solid evidence to understand
the physiological role of lncRNAs. It should be stressed that many of
the lncRNAs are not essential for life, and instead they play modulatory
roles or are required in particular tissues under certain conditions. Con-
sidering that the expression patterns of lncRNAs are more cell type-
speciﬁc and less evolutionarily conserved compared to protein-coding
genes [80], it would be intriguing if it emerged that certain lncRNAs in-
duce minor modiﬁcations of development or behavior without causing
deleterious drastic changes to core biological processes, offering
“Kaizen” to improve the ﬁtness of each individual, which ﬁnally leadsto the generation of a new species. The recent revolution of the reverse
genetic approachwith the emergence of genemodiﬁcation technologies
such as CRISPR/Cas9 [81] should enable experimental conﬁrmation of
this ambitious hypothesis.Transparency document
The Transparency document associated with this article can be
found, in the online version.Acknowledgment
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